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(57) ABSTRACT

There was a problem that 1t was difficult to manufacture
s1licon carbide semiconductor devices with suppressed varia-
tions in characteristics without increasing the number of pro-
cess steps. A silicon carbide semiconductor device according
to the present invention includes an N type S1C substrate and
an N type S1C epitaxial layer as a silicon carbide semicon-
ductor substrate of a first conductivity type, a plurality of
recesses intermittently formed 1n a surface of the N type SiC
epitaxial layer, P type regions as second-conductivity-type
semiconductor layers formed 1n the N type S1C epitaxial layer
in the bottoms of the plurality of recesses, and a Schottky
clectrode selectively formed over the surface of the N type
S1C epitaxial layer, wherein the plurality of recesses all have
an equal depth.

6 Claims, 5 Drawing Sheets
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SILICON CARBIDE SEMICONDUCTOR
DEVICE

BACKGROUND OF THE

INVENTION

1. Field of the Invention

The present invention relates to silicon carbide semicon-
ductor devices, and particularly to a silicon carbide semicon-
ductor device having a JBS (Junction Barrier controlled
Schottky diode) or MPS (Merged P-1-N/Schottky diode)
structure using silicon carbide.

2. Description of the Background Art

Silicon carbide used for silicon carbide semiconductor
devices has dielectric breakdown electric field that 1s about
ten times that of silicon, and band gap that 1s about three times
wider than that of silicon. Accordingly, power devices using,
silicon carbide are lower-resistant and higher-temperature
operable as compared with currently available power devices
as semiconductor devices using silicon. Particularly, SBDs
(Schottky barrier diodes) and MOSFETSs using silicon car-
bide are showing great promise because their losses during
operation are smaller as compared with currently available
silicon pn diodes and IGBTs at same withstand voltages.
Especially, Schottky diodes, having simpler device struc-
tures, are under intensive development for practical use.

Problems of Schottky diodes are that the leakage current at
the time of application of a reverse bias 1s large when higher
withstand voltages are desired, and that the loss at the time of
current conduction is large. For measures against these prob-
lems, JBSs (Junction Barrier controlled Schottky diodes) and
M_]'SS (Merged P-1-N/Schottky diodes) are proposed Both
structures are characterized in that P type regions are formed
under the Schottky electrode, at the ends of the electrode, and
in the vicinity of the electrode.

In U.S. Pat. No. 3,630,594, for example, P type regions
with different depths and different concentrations are formed
under the Schottky electrode and at the ends of the electrode.
In this case, 1t 1s necessary to perform 1on implantation twice,
in order to form the different P regions. Also, in U.S. Pat. No.
3,551,154, P type regions with the same depth and same
concentration are formed under the Schottky electrode, at the
ends of the electrode, and 1n 1ts vicinity, but it has no align-
ment mark for mask arrangement. Accordingly, characteris-
tics tend to vary due to misalignment.

For conventional silicon carbide JBS or MPS structures, it
was difficult to manufacture silicon carbide semiconductor
devices with suppressed variations 1n characteristics without
increasing the number of process steps.

SUMMARY OF THE INVENTION

An object of the present invention 1s to provide a silicon
carbide semiconductor device which 1s manufactured without
increasing the number of process steps and i which varia-
tions 1n characteristics are suppressed.

A silicon carbide semiconductor device according to the
present invention includes a silicon carbide semiconductor
substrate of a first conductivity type and a plurality of recesses
intermittently formed 1n a surface of the silicon carbide semi-
conductor substrate. It further includes semiconductor layers
of a second conductivity type formed in the silicon carbide
semiconductor substrate, in bottoms of the plurality of
recesses, and a Schottky electrode selectively formed over the
surface of the silicon carbide semiconductor substrate. The
plurality of recesses all have an equal depth.

The plurality of recesses all have an equal depth, and sili-
con carbide semiconductor devices 1 which variations 1n
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2

characteristic are suppressed can be provided without
increasing the number of process steps.

These and other objects, features, aspects and advantages
ol the present invention will become more apparent from the

following detailed description of the present invention when
taken 1n conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1C are diagrams 1llustrating a silicon carbide
semiconductor device and a method of manufacturing the
same according to a first preferred embodiment;

FIGS. 2A and 2B are diagrams 1llustrating the silicon car-
bide semiconductor device and its manufacturing method of
the first preferred embodiment;

FIGS. 3A to 3D are diagrams 1llustrating a silicon carbide
semiconductor device and a method of manufacturing the
same according to a second preferred embodiment;

FIGS. 4A to 4C are diagrams 1llustrating a silicon carbide
semiconductor device and a method of manufacturing the
same according to a third preferred embodiment;

FIG. 5 1s a diagram 1illustrating a silicon carbide semicon-
ductor device and a method of manufacturing the same
according to a fourth preferred embodiment; and

FIG. 6 1s a diagram 1illustrating a silicon carbide semicon-
ductor device and a method of manufacturing the same
according to a fifth preferred embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A. First Preferred Embodiment

<A-1. Structure>

FIGS. 1A to 1C are diagrams 1llustrating a silicon carbide
semiconductor device and a method of manufacturing the
same according to a first preferred embodiment of the present
invention. A mask 3, e.g. resist or an oxide film, 1s formed on
a surface of an N type S1C epitaxial layer 2 1n which N- type
S1C 1s formed by epitaxial growth on an N+ type S1C substrate
1, as a silicon carbide semiconductor substrate of a first con-
ductivity type (FIG. 1A).

Ion implantation and dry etching are performed by using
the mask 3, to intermittently form a plurality of recesses 10 in
the surface of the N type S1C epitaxial layer 2. Further, 1ons
are 1implanted into the recesses 10 to form P type regions S as
semiconductor layers of a second conductivity type 1n the
bottoms of the plurality of recesses 10 (FIG. 1B). Part of the
recesses 10 are used as alignment mark(s) 4 for positioning.

Finally, a Schottky electrode 6 1s selectively formed over
the surface of the N type S1C epitaxial layer 2, so as to form a
IJBS or MPS structure using silicon carbide (FIG. 1C). Also,
an ohmic electrode 7 1s formed on the back of the N type S1C
substrate 1. This structure 1s characterized 1n that the recesses
10 have an equal depth and that the P type regions 5 have an
equal depth and equal concentration.

Thus, the plurality of recesses 10 including the alignment
mark 4, the P type regions 5 under the Schottky electrode 6,
and the P type regions 5 1n the vicinity of the Schottky elec-
trode 6 are formed by using the same mask 3, so that the
number of manufactunng process steps 1s not 1ncreased Also,
the P type regions 5 are formed 1n deeper regions than when
they are formed 1n the surface ol the N type S1C epitaxial layer
2, so that the electric field to the Schottky electrode 6 1is
alleviated, and the leakage current at the time of application of
a reverse bias and the loss at the time of conduction of current
are suppressed.
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Also, as shown 1 FIGS. 2A and 2B, the position of an end
of the Schottky electrode 6 1s located at the bottom of the
recess 10, and the end of the Schottky electrode 6 1s formed on
the P type region 5 in the bottom of the recess 10 (FIG. 2B),
and then the electric field 1s alleviated than when 1t 1s formed
on the N type S1C epitaxial layer 2 where no recess 10 1s
present (FIG. 2A), and the leakage current at the time of
application of a reverse bias 1s made smaller.

<A-2. Effects>

According to the first preferred embodiment of the present
invention, a silicon carbide semiconductor device includes an
N type S1C substrate 1 and an N type S1C epitaxial layer 2 as
a silicon carbide semiconductor substrate of a first conduc-
tivity type, a plurality of recesses 10 intermittently formed in
a surface of the N type S1C epitaxial layer 2, P type regions 3
as second-conductivity-type semiconductor layers formed 1n
the N type S1C epitaxial layer 2 in the bottoms of the plurality
of recesses 10, and a Schottky electrode 6 selectively formed
over the surface of the N type S1C epitaxial layer 2, wherein
the plurality of recesses 10 all have an equal depth, whereby
variations 1n characteristics of the silicon carbide semicon-
ductor device can be suppressed without increasing the num-
ber of manufacturing process steps.

Also, according to the first preferred embodiment of the
present invention, in the silicon carbide semiconductor
device, the Schottky electrode 6 has an end on a P type region
5 as a semiconductor layer, whereby the electric field 1s alle-
viated than when 1t 1s formed on the N type S1C epitaxial layer
2 where no recess 10 1s present, and the leakage current at the
time of application of a reverse bias 1s made smaller.

B. Second Pretferred Embodiment

<B-1. Structure>

FIGS. 3A to 3D are diagrams 1llustrating a silicon carbide
semiconductor device and a method of manufacturing the
same according to a second preferred embodiment of the
present invention. In the method of manufacturing the silicon
carbide semiconductor device according to the first preferred
embodiment, by using the same mask 3, 1on implantation 1s
first performed as shown 1n FIG. 3A, and next dry etching 1s
performed (FIG. 3B). The dry etching 1s performed with a
smaller selective ratio of S1C with respect to the mask 3 (the
ctching rate of S1C 1s slower), and the sides of the recess 10 are
tapered.

The tapered form alleviates the electric field to the Schot-
tky electrode 6 (FIG. 3C) than when each recess 10 has
vertical sides (FI1G. 3D), whereby the leakage current at the
time of application of a reverse bias 1s made smaller. Also,
because the P type region 5 1s formed only 1n the bottom, the
elfective area of the Schottky electrode 6 1s not made smaller,
and an increase of loss at the time of current conduction, due
to the formation of the P type region 5, 1s suppressed.

<B-2. Effects>

According to the second preferred embodiment of the
present invention, in a silicon carbide semiconductor device,
the sides of a plurality of recesses 10 are tapered, and the
clectric field to the Schottky electrode 6 1s alleviated than
when each recess 10 has vertical sides, and the leakage cur-
rent at the time of application of a reverse bias 1s made
smaller.

Also, by forming the P type region 5 only in the bottom of
the recess 10, the effective area of the Schottky electrode 6 1s
not made smaller, and the increase of loss at the time of
current conduction 1s suppressed.
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C. Third Preferred Embodiment

<C-1. Structure>

FIGS. 4A to 4C are diagrams 1llustrating a silicon carbide
semiconductor device and a method of manufacturing the
same according to a third preferred embodiment of the
present invention. In the silicon carbide semiconductor
device manufacturing method of the first preferred embodi-
ment, dry etching 1s performed first, by using the same mask
3. The dry etching 1s performed with a smaller selective ratio
of S1C with respect to the mask 3 (the etching rate of SiC 1s
slower), so that the recess 10 1s tapered (FIG. 4A).

Next, 1on implantation 1s performed, and the P type region
5 1s formed also 1n the sides of the plurality of recesses 10
(F1G. 4B). The P type region 5 forms the corners of the upper
surface of the recess 10 (FI1G. 4C), and the electric field to the
Schottky electrode 6 1s further alleviated than when the P type
region 3 1s formed only in the bottom of the recess 10 (FIG.
30).

Also, when silicon carbide 1s used, 1on-1mplanted dopant 1s
not diffused by thermal processing, and therefore 10on implan-
tation at high energy 1s necessary in order to form the P type
regions 5 1n deeper regions. However, the need for a high-
energy 1on implantation system can be eliminated and manu-
facturing costs can be reduced by performing ion implanta-
tion to form the P type regions 3 after forming the recesses 10
by dry etching.

<(C-2. Effects>

According to the third preferred embodiment of the present
invention, in a silicon carbide semiconductor device, the P
type regions 5 as semiconductor layers are formed also in the
sides of the plurality of recesses 10, whereby the electric field
to the Schottky electrode 6 1s alleviated.

D. Fourth Preferred Embodiment

<D-1. Structure>

FIG. 5 1s a diagram 1illustrating a silicon carbide semicon-
ductor device and a method manufacturing the same accord-
ing to a fourth preferred embodiment of the present invention.
In the silicon carbide semiconductor device manufacturing
method of the first preferred embodiment, the silicon carbide
semiconductor device has a recess 10 that 1s formed 1n the
vicinity of the Schottky electrode 6 and that 1s not in contact
with the Schottky electrode 6, and the recess 10 not 1n contact
with the Schottky electrode 6 includes only the alignment
mark 4, and P type regions 5 are formed 1n individual recesses
10. A P type region 5 in contact with an end of the Schottky
clectrode 6 tunctions as a JTE (Junction Termination Exten-
sion), and this alleviates the electric field at the end of the
Schottky electrode 6.

<D-2. Effects>

According to the fourth preferred embodiment of the
present invention, 1n a silicon carbide semiconductor device,
a plurality of recesses 10 include one or a plurality of
recess(es) 10 not 1n contact with the Schottky electrode 6, and
the one or plurality of recess(es) 10 are all alignment mark(s)
4 for positioning, whereby the P type region 5 1n a recess 10
at an end of the Schottky electrode 6 can function as a JTE.

E. Fitth Pretferred Embodiment

<H-1. Structure>

FIG. 6 1s a diagram 1llustrating a silicon carbide semicon-
ductor device and a method manufacturing the same accord-
ing to a fifth preferred embodiment of the present invention.
In the silicon carbide semiconductor device manufacturing
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method of the first preferred embodiment, the silicon carbide
semiconductor device has one or a plurality of recess(es) 10
that are formed 1n the vicinity of the Schottky electrode 6 and
are not 1n contact with the electrode, and part of the recess(es)
10 are alignment mark(s) 4, and P type regions 5 are formed
in 1individual recesses 10. The P type regions 5 in recesses 10
that are located 1n the vicinity of the Schottky electrode 6 and
that are not alignment marks 4 function as FLR (Field Lim-
iting Ring), and this alleviates the electric field at the end of
the Schottky electrode 6.

The width and intervals of the P type regions 3 1n the FLR
portion and the width and intervals of the P type regions 5
under the Schottky electrode 6 are independently controlled,
whereby an optimum structure for alleviating the electric
fields 1n the respective regions can be formed.

<E-2. Effects>

According to the fifth preferred embodiment of the present
invention, 1 a silicon carbide semiconductor device, a plu-
rality of recesses 10 include one or a plurality of recess(es) 10
not 1 contact with the Schottky electrode 6, and part of the
one or plurality of recess(es) 10 function as alignment
mark(s) 4 as positioning mark(s), whereby the P type regions
5 1n recesses 10 at an end of the Schottky electrode 6 can
function as FLR.

Also, according to the fifth preferred embodiment of the
present invention, in the silicon carbide semiconductor
device, the intervals between the plurality of recesses 10 and
the widths of the plurality of recesses 10 are different between
under the Schottky electrode 6 and in 1ts vicinity, whereby an
optimum structure for alleviating the electric fields in the
respective regions can be formed.

While the invention has been described 1n detail, the fore-
going description 1s 1n all aspects illustrative and not restric-
tive. It 1s understood that numerous other modifications and

variations can be devised without departing from the scope of
the 1nvention.
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What 1s claimed 1s:

1. A silicon carbide semiconductor device comprising:

a silicon carbide semiconductor substrate of a first conduc-

tivity type;
a plurality of recesses intermittently formed in a surface of
said silicon carbide semiconductor substrate;

semiconductor layers of a second conductivity type formed
in said silicon carbide semiconductor substrate, 1n bot-
toms of said plurality of recesses; and

a Schottky electrode selectively formed over said surface

of said silicon carbide semiconductor substrate,
said plurality of recesses all having an equal depth,
wherein said plurality of recesses include one or more
recesses not 1 contact with said Schottky electrode,

wherein one or more of the one or more recesses not 1n
contact with said Schottky electrode are alignment
marks, and

wherein said one or more recesses not 1n contact with said

Schottky electrode are not covered by the Schottky elec-
trode.

2. The silicon carbide semiconductor device according to
claim 1, wherein said Schottky electrode has an end on said
semiconductor layer.

3. The silicon carbide semiconductor device according to
claam 1, wherein sides of said plurality of recesses are
tapered.

4. The silicon carbide semiconductor device according to
claim 1, wherein said semiconductor layers are formed also 1n
sides of said plurality of recesses.

5. The silicon carbide semiconductor device according to
claim 1, wherein intervals between said plurality of recesses
and widths of said plurality of recesses are different between
under said Schottky electrode and 1n its vicinity.

6. The silicon carbide semiconductor device according to
claim 1, wherein the one or more of the one or more recesses
not i contact with the Schottky electrode are alignment
marks even after the selective formation of the Schottky elec-

trode.
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